Abstract-With menopause, circulating levels of 17b-estradiol (E2) markedly decrease. E2-based hormone therapy is prescribed to alleviate symptoms associated with menopause. E2 is also recognized for its beneficial effects in the central nervous system (CNS), such as enhanced cognitive function following abrupt hormonal loss associated with ovariectomy. For women with an intact uterus, an opposing progestogen component is required to decrease the risk of developing endometrial hyperplasia. While adding an opposing progestogen attenuates these detrimental effects on the uterus, it can attenuate the beneficial effects of E2 in the CNS. Poly(lactic-co-glycolic acid) (PLGA) micro-and nano-carriers (MNCs) have been heavily investigated for their ability to enhance the therapeutic activity of hydrophobic agents following exogenous administration, including E2. Multiple PLGA MNC formulation parameters, such as composition, molecular weight, and type of solvent used, can be altered to systematically manipulate the pharmacokinetic and pharmacodynamic profiles of encapsulated agents. Thus, there is an opportunity to enhance the therapeutic activity of E2 in the CNS through controlled delivery from PLGA MNCs. The aim of this review is to consider the fate of exogenously administered E2 and discuss how PLGA MNCs and route of administration can be used as strategies for controlled E2 delivery.
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Keywords-17b-Estradiol, E2, PLGA, Microparticle, Nanoparticle, Drug delivery, Polymer, Cognition. 17b-Estradiol (E2) is the most potent naturally circulating estrogen in some mammals. E2 is vital for the healthy development and maintenance of female reproductive tissues, as well as for the regulation of the female reproductive cycle. In women, the circulating levels of E2 range from 40 to 250 pg/mL across a normal menstrual cycle. 46 However, following the onset of reproductive senescence (menopause) in women, E2 blood serum levels drop to below 15 pg/mL. 46 At menopause, there is a lack of ovarian follicles available for maturation and subsequent ovulation, thus resulting in a drastic decrease in circulating levels of ovarian hormones secreted during a normal menstrual cycle (i.e., estrogens and progesterone). 54 Menopause occurs at the average age of 51 and is associated with unde-sired physiological symptoms (i.e., hot flashes, vaginal atrophy, and osteoporosis) that vary among women in presence and severity. As a result, numerous hormone therapy options were designed for treatments that differ as a function of hormone type, hormone combination ratios, and route of administration. E2-based hormone therapy has been approved by the U.S. Food and Drug Administration for alleviating symptoms associated with menopause. 74 However, E2 exposure is associated with an increase in the risk for developing endometrial hyperplasia and must be accompanied by an opposing progestogen component, suggesting that there is opportunity for significant enhancement for E2-based hormone therapy. 72 In addition to its well-known role in female endocrinology, E2 is also recognized for its more broad neuroprotective effects, which suggests that hormone therapy could be of interest for treating conditions other than symptoms associated with menopause. 8, 27, 33 For example, E2 has been shown to enhance normal cognitive function following the loss of circulating ovarian hormones, in both humans and in animal models. 41, 50, 53 E2 has also been examined as a potential therapeutic treatment for neurodegenerative diseases, such as Alzheimer's disease (AD). 3, 4, 16, 38, 76, 84 However, there is evidence that both natural progesterone and synthetic progestogens, such as medroxyprogesterone acetate, can offset the beneficial effects of E2 on cognitive function. 7, 32, 33, 48 Moreover, studies have shown that the addition of progesterone attenuated E2-induced increase in the activation of extracellular signal-regulated kinase 2 (Erk2) in the dorsal hippocampus; of note, there is evidence that this activation is sufficient for E2 to produce beneficial cognitive effects. 10, 27, 33, 83 Additional research has demonstrated that an E2-induced increase in the expression of several neurotrophin factors (i.e., brain-derived neurotrophic factor, nerve growth factor) in the CNS is attenuated by the addition of a progestogen component. 8 Taking current knowledge in sum, E2 is of therapeutic interest in both menopause as well as diseases affecting the CNS, but the required addition of an opposing progestogen to E2 therapy can limit or inhibit the beneficial role of E2 in CNS function. Altering the pharmacokinetics and pharmacodynamics of exogenously administered E2 may enhance the therapeutic potential of E2, with the overarching goal to maximize its beneficial effects on the CNS, while minimizing its detrimental effects on tissues such as the uterus. Thus, the objective of this review is to address the fate of exogenously administered E2 and to query whether its pharmacokinetic or pharmacodynamic profiles can be altered, either through route of administration or the use of synthetic micro-and nano-carriers (MNCs). We propose that these approaches will provide new avenues for hormone therapy in menopause as well as for novel CNS-targeted treatment of cognitive function or other CNSrelated diseases (e.g., AD).
ABBREVIATIONS

THE FATE OF EXOGENOUSLY ADMINISTERED E2
Clinically, E2 is often administered via oral or transdermal routes, and it was previously available for administration via the intranasal route. Systemically circulating E2 is typically bound to sex hormone binding globulin and to albumin, resulting in only~1-2% of the total circulating E2 available for activity.
1,43
The average half-life of circulating E2 is~2.7 h following transdermal E2 patch administration, and 30 min following intravenous E2 administration, in postmenopausal women; E2 is cleared through urine and fecal matter. 29, 77 E2 reaches multiple target tissues in the body, including the brain, liver, uterus, bone, and adipose tissue. Oral and intranasal administration produces delivery of E2 in a cyclic fashion, as the treatment is typically taken once daily, resulting in cyclic concentrations of circulating E2. Oral administration of E2 leads to immediate first-pass metabolism of E2, thus requiring high doses (~1-2 mg E2/day) to obtain the desired effects of E2-based hormone therapy. Orally administered E2 is rapidly converted by the gut wall and liver into the less potent estrogen metabolites estrone (E1) and, to a lesser extent, estriol, as well as estrogen conjugates such as E2-glucuronide, E1-glucuronide, and E1-sulfate. 43, 65 Next, E2 either enters the bile pool for enterohepatic circulation or the bloodstream. High intra-and inter-patient differences in circulating levels of E2 following oral administration are expected due to individual differences in metabolism. 44 The intranasal route of administration allows for large surface absorption of E2 and avoids first-pass metabolism. Devissaguet et al. showed that with intranasal delivery, the maximum concentration of E2 in the blood plasma was reached within the first 10-30 min, after which E2 concentration rapidly fell, returning to the same level as untreated postmenopausal women within 12 h of administration. 20 Intranasal administration has the potential advantage of improving brain-specific exposure to E2, although E2 must be appropriately solubilized for delivery via this route. For example, a previously clinically-available intranasal E2 hormone therapy, Aerodiol TM , was composed of solubilized E2 in randomly methylated bcyclodextrin. Clinical evaluations of Aerodiol TM in postmenopausal women resulted in significant improvement of symptoms associated with menopause, as measured by the Kupperman Index and the number of hot flashes reported. 63 Additionally, a randomized dose-response clinical study for Aerodiol TM demonstrated that similar E2 blood serum levels were achieved after 12 weeks of Aerodiol TM treatment with the lowest effective dose (200 lg E2/-day in postmenopausal women) compared to women who received orally administered E2 doses of 1 and 2 mg. Interestingly, blood serum E1 levels following 1 and 2 mg of E2 oral administration were at least fivefold greater than that of the 200 lg E2/day intranasal administration of Aerodiol TM , in postmenopausal women. 68 This may be, in part, explained by the rapid first-pass metabolism of E2-E1 following oral administration that is circumvented by the intranasal route of administration.
With the transdermal route, E2 is applied to the skin via a patch or gel, which allows for a relatively sustained presence of E2 in circulation and tissues. Once applied, E2 must diffuse through the stratum corneum, epidermis, and dermis before entering the circulation. 43 In this manner, the transdermal route of administration avoids first-pass metabolism of E2 that is expected with the oral route. Large inter-and intra-patient differences in circulating E2 concentrations have been reported with transdermal E2, most likely due to individual differences in the rate of absorption of E2 across the skin layers and into the bloodstream. 43 Additionally, it is important to note that the transdermal application of E2 can result in mild to moderate adverse skin reactions, such as skin erythema. 13 At least a 2-10 mg dose of E2 is required to obtain a passage of~50 lg E2 across the skin layers and into the bloodstream. 64 To aid in absorption of E2, micellar nanoparticles have been successfully utilized and clinically approved for use in transdermal E2-based hormone therapy (Estrasorb TM ) to alleviate severe vasomotor symptoms associated with menopause. 75 Thus, the route of administration heavily dictates the fate of exogenously administered E2. Moreover, there is precedent for clinically approved use of drug carriers (cyclodextrins, micellar nanoparticles) to enhance the effectiveness of E2-based hormone therapy in treatment of symptoms associated with menopause.
E2 ENCAPSULATION IN PLGA MICRO-AND NANO-CARRIERS (MNCs)
Although clinically available E2-based hormone therapies are considered both safe and effective, there are still significant opportunities for improvement. First, off-target tissue delivery poses a long-term risk for endometrial hyperplasia development. 72 These risks can be mitigated by treating with an opposing progestogen; however, progestogens can also reduce some of the beneficial aspects of E2 treatment. 72 For instance, the addition of progestogens have been shown to attenuate the beneficial effects of E2 on cognitive function as well as E2-induced increases in protein expression/activation (i.e., brain-derived neurotrophic factor, nerve growth factor, Erk2). 7, 8, 32, 48 Second, E2 is under investigation, but has not been clinically approved, for other indications; development of novel E2 therapeutics, particularly those that selectively deliver E2 to the CNS, could open new treatment opportunities for diseases such as AD. 3, 4, 16, 38, 76, 84 Third, rapid clearance and metabolism of exogenously administered E2 remains a bottleneck for efficient E2 treatment, particularly when delivery to low concentration sites, such as the CNS, is needed.
Here, we turn our attention to summarizing how MNCs could be used to enhance therapeutic potential of E2 in diseases affecting the CNS. We will focus specifically on manipulating the pharmacokinetic and pharmacodynamic profile of E2 through encapsulation in MNCs composed of poly(lactic-co-glycolic acid) (PLGA). 11, 14, 15, 31, 45 PLGA is a member of the biodegradable and biocompatible polyester family of polymers. PLGA MNCs have long been of interest for drug delivery purposes, being considered to be of generally low toxicity, possessing high capacity for drug loading, and having potential for a range of rates of degradation and drug release. 2, 15, 18 Encapsulated drugs are released from PLGA MNCs in three stages: first, surface associated drug is released rapidly in a ''burst'' fashion; second, bulk sustained release is achieved through diffusion of the drug either through the polymer or through water filled pores, and, third, bulk degradation eventually leads to complete disintegration of the MNC, resulting in a final burst release. 22, 28 Drug activity is often preserved or enhanced through encapsulation, by protection and slow release in physiological environments. Additionally, one intriguing opportunity for PLGA MNCs is the ease with which their size, charge, or surface properties can be engineered to facilitate interaction of the MNC with specific cells or tissues. 42 PLGA MNCs are fabricated through a variety of approaches, which have been extensively covered in several review and methodology papers. The most commonly used technique, termed emulsion/solvent evaporation, involves dissolving the polymer with drug in an organic solvent, which is added to an aqueous phase containing emulsifying/stabilizing agents or other solvents; high frequency energy may be introduced to facilitate formation of small polymer droplets (see Fig. 1 ). 22, 37, 39, 52, 61 Solvent may then be extracted, and the resultant hardened MNCs are collected and either stored frozen in water or lyophilized. Alternatively, a technique termed nanoprecipitation involves selection of water miscible solvents, and the polymer solution is dropped directly into an aqueous phase, whereby particles form spontaneously. 5, 17, 39, 67 Another technique, electrospraying, involves the use of electrohydrodynamic processing to break apart the polymer-containing solution, resulting in formation of PLGA MNCs. 23, 30, 79 Varying specific parameters, such as type of polymer, surfactant, or organic solvent, can be used as strategies for altering the particle size, encapsulation efficiency (EE), and release profile; we will discuss these strategies below (Tables 1, 2) .
PLGA Characteristics
The molecular weight and the lactide to glycolide ratio of PLGA MNCs can be altered to adjust the rate of particle degradation, with lower glycolide content and higher molecular weight resulting in a decreased rate of degradation. 15, 78 In one study, PLGA nanoparticles were synthesized using 50:50, 65:35, or 85:15 PLGA to investigate whether varying the lactide to glycolide ratio will impact the release profile of E2. 58 Results indicated that increasing the lactide to glycolide content decreased the release of E2 from PLGA nanoparticles. 58 In the same study, increasing the molecular weight of 50:50 PLGA from 14,500 to 213,000 Da decreased E2 release from the nanoparticles. 58 Analysis of E2 levels in the blood plasma following oral administration of E2 PLGA replicated these results, showing that increased molecular weight of the polymer and an increased lactide to glycolide ratio sustained the release of E2 from PLGA nanoparticles in blood plasma. 58 On the other hand, a study that compared a 50:50, 65:35, and 75:25 lactide FIGURE 1. One common method for fabricating PLGA MNCs is emulsion/solvent evaporation. To form E2 loaded MNCs by emulsion, E2 and PLGA are dissolved in an organic solvent or mixture of solvents. The drug/polymer solution (oil phase) is added to an aqueous phase containing stabilizing or emulsifying agents and mixed to produce droplets; high frequency energy may be introduced to facilitate the formation of smaller diameter MNCs (i.e., nanoparticles). This emulsion is added to a larger aqueous volume, and the organic solvent is allowed to evaporate under stirring or vacuum to harden MNCs. By manipulating formulation parameters, MNCs can be engineered for specific properties-for example, to improve drug loading, prolong release, or promote interaction of MNCs with specific tissues or cells. Alternative methods for preparing MNCs (e.g., nanoprecipitation) as well as specific approaches to achieve surface modification of MNCs are discussed in detail elsewhere. 39 to glycolide ratio of PLGA microparticles found that all three formulations exhibited quick E2 release, with greater than 70% of E2 released within the first 24 h. 12 In terms of E2 EE, a comparison of 50:50 and 65:35 PLGA showed a 30% E2 EE for 50:50 PLGA nanoparticles, and a 54% E2 EE for 65:35 PLGA nanoparticles. 36 Taken together, these studies suggest that increasing the ratio of lactide to glycolide in PLGA-based nanoparticles and increasing the molecular weight of the polymer can be potentially utilized to modestly improve sustained release of E2. Moreover, an increased lactide to glycolide ratio can increase E2 EE.
A study that examined polylactic acid (PLA), 85:15 PLGA, 75:25 PLGA, and a mixture of the polymers, as well as 1:3, 1:5, and 1:7 E2 to polymer ratio for each microparticle formulation showed that E2 EE in all cases was greater than 80% E2 EE. 82 Interestingly, the 1:5 E2 to polymer ratio resulted in the highest E2 EE compared to 1:3 and 1:7 E2 to polymer ratios for all polymer formulations except for PLA based microparticles. 82 The slowest cumulative release of E2 was seen when the polymer concentration was low (1:3 E2 to polymer ratio) for all four types of polymer formulations. 82 When PLA particles were examined for E2 EE with 1:20, 1:16, 1:13, and 1:10 E2 to PLA ratios, the 1:16 E2 to PLA formulation resulted in the highest E2 EE (72% of total E2) compared to 1:20, 1:13, and 1:10 E2 to PLA formulations. E2 EE decreased as the ratio of E2 to PLA increased, with the lowest E2 EE seen with 1:10 E2 to PLA (56% of total E2). Thus, the ratio of E2 to polymer during synthesis can influence the E2 EE as well as the release profile of E2, with lower polymer concentration resulting in slower E2 release.
Surfactant
Several different emulsifiers have been used for generating E2 loaded PLGA MNCs, including polyvinyl alcohol (PVA), didodecyldimethyl ammonium bromide (DMAB), Tween-80 (T-80), sodium lauryl sulfate (SLS), and benzalkonium chloride. One study examined the effect of PVA vs. DMAB on PLGA particle size and E2 EE. The results showed that smaller particle size was seen with DMAB whereas higher E2 EE was seen with PVA as the surfactants. 66 Additionally, the slowest release profile of E2, lasting 54 days, was seen with nanoparticles made using PVA. 66 Following oral administration, nanoparticles made with DMAB released E2 for at least 5 days, possibly due to smaller particle size, whereas nanoparticles made with PVA released E2 within 3 days. 66 Another study examining DMAB vs. PVA as the surfactants replicated most of these results, showing that using DMAB results in smaller sized particles compared to PVA. 34 In this same study, PLGA nanoparticles made with PVA had a longer E2 release period, lasting over 45 days, compared to PLGA nanoparticles made with DMAB, which had an E2 release period of 31 days. 34 Following oral administration, PLGA particles made with DMAB released over a period of 7 days but PLGA particles made with PVA released over a period of 2 days. 34 However, E2 EE was lower with PVA as the surfactant, ranging from 47 to 62% E2 EE with PVA and from 57 to 73% E2 EE with DMAB. 34 Interestingly, another study showed that increasing the concentration of PVA used in the synthesis decreased E2 EE. 80 Another study tested the difference between using PVA, T-80, SLS, and benzalkonium chloride on E2 EE and E2 release from PLGA microparticles that were made with a mixture of PLA and 85:15 PLGA polymers. Although all surfactants resulted in E2 EE greater than 85%, PVA had the highest E2 EE of 99%. 81 PVA also resulted in the slowest E2 release, with only 47% of E2 released after 120 h compared to 90, 77, and 63% with T-80, SLS, and benzalkonium chloride, respectively. 81 Results from these studies evaluating the effect of surfactant type on E2 PLGA formulations suggest that in most cases the optimal formulation, where E2 EE is highest and E2 burst release is lowest, is produced when PVA is used as the surfactant.
Organic Solvent
Common organic solvents used in PLGA MNCs synthesis include acetone, ethyl acetate (EA), chloroform, dichloromethane (DCM), methanol, and tetrahydrofuran (THF). A study examining the effect of EA, acetone, chloroform, and DCM on E2 EE and E2 release from nanoparticles revealed that there is a similar E2 release profile for all 50:50 PLGA nanoparticle formulations. 66 However, the greatest average release per day was seen when using a combination of DCM and EA as the organic solvent. 66 This effect is most likely due to a higher E2 EE achieved when using this particular organic solvent combination. 66 The same study showed that using EA as the organic solvent resulted in the slowest release of E2, which lasted over 54 days. 66 Another study investigated DCM, EA, or a combination of DCM with methanol (90:10) as organic solvents used in 50:50 PLGA microparticle syntheses, resulting in high E2 EE that was greater than 90% for most particle formulations. 9 EA and the DCM with methanol (90:10) combination as the organic solvents produced a more constant E2 release profile from the microparticles, with 25% of E2 released within the first 24 h, relative to DCM alone as the organic solvent, with 65% of E2 released within the first 24 h. 9 A comparison between either methanol to DCM ratio (1:2, 1:4) or EA to DCM ratio (1:1, 1:1.5) as organic solvents for synthesis of 85:15 PLGA microparticles showed that E2 EE for all formulations was greater than 75%. 35 The 1:1.5 EA to DCM ratio for organic solvent resulted in only 55% of E2 released from the PLGA microparticle within the first 24 h, but both methanol to DCM formulations resulted in 100% cumulative release within 24 h. 35 Another study investigated the use of DCM, EA, tetrahydrofuran (THF), chloroform, and acetone as the organic solvents in PLGA microparticle syntheses. 81 The highest E2 EE (97%) was achieved when using EA as the organic solvent, whereas the lowest E2 EE (52%) was seen when using acetone as the organic solvent.
81 E2 release was slowest with EA as the organic solvent, with 52% of E2 released in 120 h, whereas 71, 69, 64, and 72% E2 was released when DCM, THF, chloroform, and acetone were used as the organic solvents, respectively. 81 In summary, these studies point to EA as the organic solvent that results in highest E2 EE and slowest E2 release rate.
Size of PLGA Particles
One study specifically investigated the release profile of E2 from 50:50 PLGA particles with a 100-4500 nm range in diameter size. The results from this study showed that the larger sized particles exhibit a decreased burst and slower initial release profile of E2 compared to the smaller sized particles. 25 Another study showed that both E2 PLA and E2 PLGA microparticles release E2 at a faster rate with smaller particle size. 80 Interestingly, it was observed in in vivo studies that smaller PLGA particles tended to exhibited a more sustained E2 release following oral administration compared to larger PLGA particles. 34, 66 This may be in part explained by increased uptake of smaller PLGA MNCs by the intestinal epithelium. 19 Taken together, these studies indicate that particle size can play a role in the release profile of E2. Specifically, particles of smaller size released E2 at a faster rate but exhibited sustained E2 release following oral administration compared to larger particles, possibly due to differences in intestinal uptake of PLGA MNCs as a function of size.
Other Modifications
PLGA has been blended with both natural and synthetic biomaterials to further alter E2 encapsulation and release. For instance, chitosan coating of E2 PLGA particles decreased the burst release as well as the initial release of E2 compared to gelatin coating. 25 Surface modifying PLGA microparticles with cationic polyamidoamine dendrimer resulted in an initial burst release of E2, followed by a slower E2 release whereby 98% of E2 was released within the first week. 35 Another common type of surface modification is the coating of PLGA particles with T-80. 40, 55 This particular method has been shown to increase E2 concentration in the brain, plasma, kidneys, and heart at 24 and 48 h following oral administration. 55 Taken together, these studies highlight how surface modification strategies of the PLGA MNCs can be utilized to obtain desired release profiles for E2 delivery.
Although we have focused primarily on MNC engineering with the intention that MNCs be administered as freely suspended agents, it is also possible to encapsulate MNCs within other biomaterial matrices to further alter release and distribution of E2. For example, E2 PLGA microparticles encapsulated in a silicone matrix decreased the initial burst in E2 release. 12 Interestingly, E2 was released at a faster rate from PLGA microparticles in the silicon matrix compared to free E2 in the silicone matrix, suggesting that the E2 release from PLGA microparticles within the silicone matrix was largely governed by diffusion of the hormone through pores formed as PLGA microparticles degraded. 12 Another example is loading E2 PLGA nanoparticles on chitosan-hydroxyapatite scaffolds to achieve a sustained E2 release profile. E2 PLGA nanoparticles were either embedded during or after scaffold fabrication, resulting in 55 day E2 release for E2 PLGA particles loaded after scaffold fabrication compared to the 135 day E2 release for E2 PLGA particles loaded during scaffold fabrication. 36 Also, encapsulation of E2 PLGA mixed with poly(ethylene glycol)-PLA copolymer in a gel plug delivery system resulted in 81.6 (low dose) and 725.2 pg/mL (high dose) E2 plasma concentrations, compared to 15.9 pg/ mL in the vehicle group, at 6 h following local treatment using a spinal cord injury model. 17 Thus, the E2 EE and E2 release profile can be modified by not only altering synthesis parameters for PLGA MNCs, but also by the addition of other biomaterials to achieve desired results from an E2 treatment.
E2 DELIVERY USING PLGA MNCs
Delivery of E2 via PLGA MNCs produces distinct pharmacokinetic and pharmacodynamic profiles relative to free drug. E2 PLGA MNCs have been studied most commonly in the context of oral or transdermal administration. For instance, Dr. Kumar's laboratory has analyzed the pharmacokinetics of E2 PLGA following oral administration as well as the effects of E2 PLGA oral treatment in a high-fat induced hyperlipidemic rat model and in an AD rat model. [55] [56] [57] [58] Following 100 lg/kg E2 oral administration, they showed that E2 PLGA treatment resulted in a maximum E2 plasma level of 85 pg/mL at 24 h, whereas E2 suspension resulted in a maximum E2 plasma level of 102 pg/mL at 4 h. 57 When E2 plasma concentration is plotted across the collected time points, the area under the curve (AUC) in the plot represents the total circulating E2 over the measured period of time. Here, the AUC E2 levels following oral administration were 1290 and 6579 pg h/mL for E2 suspension and E2 PLGA, respectively. 57 Additionally, following oral administration, E2 PLGA formulations of varying molecular weight (14,500, 45,000 and 213,000 Da) and varying lactide to glycolide ratios (50:50, 65:35) each showed detectable levels of E2 5-11 days after administration, which was significantly longer compared to the dose matched free E2 oral delivery, with detectable levels seen for only 1 day after administration. 58 In a high-fat induced hyperlipidemic rat model, E2 PLGA treatment administered orally every 3 days for 2 weeks significantly reduced body weight compared to controls, whereas a daily oral administration of an E2 suspension did not have a significant effect on body weight. 56 On the other hand, the E2 PLGA treatment in an AD model was effective at preventing amyloid beta plaque formation, but no significant benefit was seen between orally administered E2 PLGA vs. E2 suspension treatment. 55 Additional research has demonstrated that following oral administration, blood plasma AUC level for free E2 was 52 ng h/mL, but for E2 PLGA treatment blood plasma AUC levels were 1908 ng h/mL for formulations made using DMAB, and 2542 ng h/mL formulations made using PVA. 34 Interestingly, the blood plasma AUC level for intravenous administration of free E2 was 1344 ng h/mL. 34 Thus, orally administered E2 PLGA treatment achieved blood plasma AUC levels similar to those of intravenously administered free E2. In this same study, the time to reach maximum concentration for orally administered free E2 was 1.4 h (C max 32 ng/mL), but 13 h (C max 61 ng/mL) and 27 h (C max 65 ng/mL) for E2 PLGA nanoparticles made with DMAB or with PVA, respectively. 34 In a study of transdermal administration, E2 PLGA applied to rat skin also had significantly higher levels of circulating E2 compared to that of free E2, suggesting enhanced permeability of E2 with the use of PLGA nanoparticles. 73 The addition of iontophoresis further enhanced the permeability of E2 PLGA following transdermal administration, resulting in greater E2 circulating levels and greater E2 levels in the muscle compared to free E2 and compared to E2 PLGA with no iontophoresis. 73 The enhanced permeability of E2 with PLGA MNCs, and with the addition of iontophoresis to PLGA MNCs, was tested for therapeutic efficacy in a rat model of osteoporosis. Results showed that a transdermal E2 PLGA treatment with iontophoresis increased bone mineral density, a marker of bone regeneration, for cortical but not cancellous bone compared to E2 PLGA treatment alone and compared to control. 70 The same laboratory was able to further enhance the therapeutic efficacy of transdermal E2 PLGA plus iontophoresis treatment on bone mineral density by forming PLGA MNCs with high surface charge density (82 times greater than that of regular E2 PLGA MNCs). 71 Specifically, they showed that transdermal application of charged E2 PLGA MNCs with iontophoresis significantly increased E2 permeability relative to regular E2 PLGA MNCs with iontophoresis and relative to charged E2 PLGA MNCs without iontophoresis. The charged E2 PLGA MNCs with iontophoresis treatment was able to significantly increase cancellous bone mineral density compared to controls. 71 These findings are consistent with results from another laboratory, whereby, subcutaneous E2 PLGA microparticle treatment was shown to achieve sustained E2 circulating levels across 50 days and significantly increased bone mineral density in a rat model of osteoporosis, compared to vehicle control. 62 Taken together, studies show that encapsulation of E2 in PLGA nanoparticles results in increased circulating E2 concentration as well as increased circulation time of E2 following oral and transdermal administration compared to free E2. They also highlight that it is possible to alter specific parameters for PLGA synthesis to achieve different E2 pharmacokinetic profiles as well as therapeutic efficacy.
Due to sustained release of E2 from PLGA MNCs, the AUC circulating E2 levels following oral administration of E2 PLGA MNCs were comparable to that of an intravenous administration of free E2 suspension, and significantly greater than the AUC circulating E2 levels following orally administered free E2 suspension. 34, 57, 58 When tested in preclinical models of disease, E2 PLGA treatments were able to produce therapeutic effects that either enhanced or were at least equivalent to that of free E2 treatment. 55, 56, 62 Taken together, these preclinical studies provide initial therapeutic evidence for the use of E2 PLGA MNCs to treat different symptoms. Nevertheless, additional studies are still needed to optimize the therapeutic potential of E2 PLGA MNCs formulations for not only the symptoms associated with menopause, but also those associated with CNS diseases.
PLGA MNCs AND OTHER HORMONES
Although E2 is the most potent endogenous estrogen, there are several natural estrogens as well as synthetic estrogens that are also often used in hormone therapy. Some studies have examined these estrogens for EE and release profile analyses following encapsulation in PLGA MNCs. For example, a study examining synthesis parameters (i.e., percentage of PVA and ratio of DCM/ethanol/acetone) for encapsulation of estradiol valerate, a semisynthetic estrogen, in PLGA nanoparticles revealed that the addition of ethanol to the organic solvent mixture resulted in smaller sized particles. 26 Additionally, increasing the percentage of PVA decreased EE of estradiol valerate, with 55% EE of estradiol valerate achieved using 1% PVA and 9% EE of estradiol valerate achieved using 4% PVA, and increased the in vitro release of estradiol valerate from PLGA nanoparticles. 26 Another study encapsulated estradiol valerate into PLA microparticles and showed that a lower PLA polymer concentration resulted in a smaller particle size. 49 All formulations tested in this study exhibited a release profile of an initial burst release followed by slow sustained release. 49 A study examining 2, 5, and 10 wt% PLGA polymer concentration also noted that as polymer concentration was reduced, particle size and estradiol EE decreased (type of estradiol not specified). 23 Additionally, slower estradiol release rate was seen from estradiol PLGA MNCs as polymer concentration was increased. 23 However, the addition of 30 s 22.5 kHz ultrasound enhanced estradiol release rate by 5.6, 6.8, and 7.8% for 2, 5, and 10 wt% estradiol PLGA MNCs, respectively. 23 The effect of PLGA polymer concentration on particle size and estradiol EE were replicated in a second study by the same laboratory. 24 Additionally, the authors examined how varying several parameters for ultrasound exposure impacted estradiol release rate, revealing that increasing output power, duty cycle, as well as exposure time increased estradiol release rate from PLGA MNCs. 24 Thus, multiple strategies for encapsulation in polymeric MNCs to achieve increased EE and sustained estrogen release can be effectively utilized for E2 as well as other types of estrogens.
Moreover, estrogen-based treatments must be opposed with a progestogen in the presence of a uterus due to the associated increase in the risk for developing endometrial hyperplasia with unopposed estrogen exposure. 72 Several studies have examined the release profiles of an estrogen plus progestogen encapsulated in PLGA MNCs combinations. One study assessed encapsulation of a synthetic estrogen, ethinyl estradiol, and a synthetic progestogen, levonorgestrel, in PLGA microparticles in order to achieve sustained release. Following intramuscular injection, these treatments showed an initial burst release of both ethinyl estradiol and levonorgestrel in rat blood serum that was followed by constant blood serum concentrations of 3 pg/ mL ethinyl estradiol and 2 ng/mL levonorgestrel for 13 weeks. 21 Another study assessed the release profile of ethinyl estradiol from PLGA microparticles and drospirenone, a type of synthetic progestogen, from PLGA microparticles in combination. Results showed sustained in vitro release profiles for each of the hormones for up to 300 h. 59 A controlled release study was also done for ethinyl estradiol and gestodene, another type of synthetic progestogen, from PLGA microparticles. In this study, the in vitro release profile for both hormones was similar, with fast release within the first 5 days, followed by slow release that lasted up to 35 days. 69 Following subcutaneous injection, the concentration of ethinyl estradiol and gestodene suspensions peaked within the first 30 min and then rapidly decreased, whereas the concentration of each hormone delivered together within PLGA microparticles reached peak concentrations on day 3 for ethinyl estradiol and on day 1 for gestodene, and exhibited a sustained release profile for both hormones. 69 Taken together, these studies suggest that polymeric MNCs are a useful resource that can be employed to achieve desired release profiles of clinically-relevant combination hormone therapy treatments.
CONCLUSION
E2-based hormone therapy is clinically approved for treatment of symptoms associated with menopause. However, in women with a uterus, all E2-based hormone treatments must be accompanied by an opposing progestogen to offset undesired E2 exposure in the uterine tissue. The addition of a progestogen can also offset beneficial effects of E2 as seen with its neuroprotective and cognitive effects, limiting the therapeutic potential of E2 in CNS related functions and diseases (i.e., AD). Drug carriers such as PLGA MNCs could be used to enhance the therapeutic potential of E2 in the CNS. Here, we discussed how systematically varying the parameters and route of administration of E2 PLGA MNCs influences the release and EE of E2, resulting in distinct pharmacokinetic and pharmacodynamic profiles. Additionally, we discuss preliminary evidence that suggests encapsulation of E2 in PLGA MNCs can enhance the therapeutic efficacy of E2-based treatments.
There are multiple strategies in the field of drug delivery that have yet to be explored to achieve enhanced delivery of E2 PLGA MNCs to the CNS. PLGA MNCs can be surface modified with compounds that may increase brain uptake of the particles, such as by taking advantage of specific transport mechanisms across the blood brain barrier. 14, 42, 51, 55 For example, Mittal et al. showed increased E2 delivery to the brain following oral administration of T-80 surface coated E2 PLGA MNCs compared to noncoated E2 PLGA MNCs. 42 Route of administration is another tool that can potentially enhance E2 PLGA MNCs delivery to the CNS. Several studies suggest that intranasal administration of agents results in increased delivery to the brain vs. peripheral tissues compared to alternate administration routes. 47, 60 Moreover, the intranasal route has already been previously used clinically as a nasal E2 spray aimed at treating symptoms associated with menopause. We propose that further work examining various surface modification and route of administration strategies of E2 PLGA MNCs is necessary to build on the growing body of literature and to attain an enhanced therapeutic effect of E2 in the CNS using PLGA MNCs. These two strategies have already been combined to achieve enhanced agent uptake in the CNS using PLGA MNCs, such as with rotigotine (treatment for Parkinson's disease) where enhanced CNS uptake was achieved via intranasal administration of lactoferrin surface-modified poly(ethylene glycol)-PLGA MNCs. 6 In a similar manner, E2 delivery to the CNS can be potentially enhanced with surface modified PLGA MNC for CNS-targeted delivery via the intranasal route of administration. The effective development of novel E2 treatment formulations, using PLGA MNCs, will provide novel avenues for treatment of symptoms associated with reproductive senescence as well as those associated with CNS diseases. 8
